The latency of the brain response to semantic anomalies (N400 effect) has been found to be longer in a bilingual's second language (L2) than in their first language (L1) and/or to that seen in monolinguals. This has been explained in terms of late exposure to L2, although age of exposure and language proficiency are often highly correlated. We thus examined the relative contributions of these factors not only in L2 but also in L1 in a group of Spanish-English bilinguals for whom age of exposure and language proficiency were not highly correlated by recording event-related brain potentials (ERPs) to semantically congruous/incongruous words completing written sentences. We also divided our bilinguals into a Spanish-dominant subset who had late exposure and reduced vocabulary proficiency [as measured by Boston Naming Test (BNT) and Verbal Fluency Scores] in L2 (English) relative to L1 (Spanish) and an English-dominant group who had early exposure to both their languages although greater proficiency in English than in Spanish. In both groups, the N400 effect was significantly later in the nondominant than the dominant language. Although this slowing could be due to late exposure to English in the Spanish-dominant group, late exposure cannot explain the slowing in Spanish in the English-dominant group. Overall, we found that vocabulary proficiency and age of exposure are both important in determining the timing of semantic integration effects during written sentence processing-with vocabulary proficiency predicting the timing of semantic analysis in L1 and both age of exposure and language proficiency, although highly correlated, making additional small but uncorrelated contributions to the speed of semantic analysis/ integration in L2. D 2004 Elsevier B.V. All rights reserved.
Introduction
A significant number of people know two or more languages. In fact, one in three of the world's population routinely uses two or more languages for work, family life and leisure [53] . The proportion of bilinguals in the United States, while less, is still a nontrivial number: according to the 2000 census, nearly 1 in 5 people, or 47 million U.S. residents age 5 and older, speak a language other than English at home, the most common being Spanish (28.1 million). Among U.S. residents who speak Spanish at home, just over half report also speaking English bvery wellQ [46] . Indeed, bbalanced bilingualsQ-i.e., individuals that are equally proficient in both of their languages-are a rare breed. A multilingual speaker typically uses his/her different languages for different purposes and more often than not does not possess the same level and/or type of proficiency in both languages, typically being more dominant in one relative to the other [53] . There are many reasons for this 0926 proficiency imbalance, including when each language was learned, how it was learned, how often it is used, and the circumstances of its use, among others.
Research with a variety of methodologies has shown age of acquisition or exposure to be a crucial variable for the degree of proficiency attained in a second language (L2; e.g., Refs. [6, 16] ). It is generally assumed that the earlier that a language is acquired, the higher the level of proficiency eventually attained by the user, especially with regard to the syntactic (although also for the lexicosemantic) aspects of language [52] . Age of exposure/ acquisition, however, cannot be the whole story given the phenomenon of first language forgetting, loss, or attritionthat is, the decline in native or first language (L1) proficiency in immigrant populations immersed in a second language environment. First language forgetting-with vocabulary items generally being the first signs of lossusually derives from lost or restricted contact of bilinguals with speakers of their first language [37] . Prolonged use and continued acquisition/learning, probably in multiple settings, thus seems to be important for maintaining one's first language, even when initial exposure and acquisition occur quite early. A similar tension between the role of age of exposure and language experience has arisen in the neuroimaging literature with respect to functional organization of the two languages of a bilingual (see Ref. [1] for a review, [19, 42] ).
Here, we aim to explore semantic processing in both languages of Spanish-English bilinguals with varying language proficiencies in both L1 and L2 who were exposed to L1 quite early (if not from birth) but who vary considerably in their age of exposure to L2. Our analysis makes use of a component of the event-related brain potential (ERP)-the N400-that is known to vary in amplitude with semantic and lexical manipulations (see Ref. [25] for a review). Numerous studies in many different languages have shown that the brain's response to a semantically incongruent word is characterized by a greater negativity, 200-500 ms postword onset compared to that for a semantically congruent word, whether written or spoken; in monolinguals, this N400 has a centro-parietal maximum, with a slight right hemisphere bias. This N400 semantic congruity effect (incongruent minus congruent ERP) varies with ease of contextual (semantic) integration: the more difficult it is to integrate the eliciting word with the representation of the ongoing context, the larger the associated N400 with all other factors (frequency, repetition, imageability, word class) held constant.
The latency of the N400 congruity effect is remarkably stable, ranging from 250 to 600 ms and peaking around 400 ms for the average undergraduate in his/her 20s, and increasing by approximately 1.5-2.1 ms/year [27] . Within young monolingual adults, the timing of the visual N400 congruity effect is affected primarily by the rate of word presentation during word-by-word reading. The N400 elicited by semantic anomalies in moderate-to-strongly constraining sentences peaks approximately 80-100 ms later (~500 ms) for fast (10 words/s) versus slower (one word/700 ms) presentation rates [24] . The N400 congruity effect also has been found to have a longer latency in bilinguals processing their less-dominant language [3] , the one to which they were exposed later [28, 52] , or even to their first language when compared to monolinguals [3] .
Ardal et al. [3] presented English and French sentences, half ending with a semantic anomaly, to a group of bilinguals fluent in French and English, most of whom had English as a second language (L2). Participants read the sentences one word at a time for comprehension. On average, the latency of the N400 peak was approximately 40 ms shorter in monolinguals (in English) than in the bilingual's L2, and~17-37 ms shorter in L1 than L2 within bilinguals. Bilinguals' ERPs also were characterized by reduced frontal negativities in L2 relative to L1. N400s did not differ for participants matched on language fluency but differing in age of acquisition for L2 (acquiring L2 prior to age 11 vs. during or after adolescence), leading the authors to conclude that current usage and fluency more than age of acquisition were the primary determinants of the timing and amplitude of the congruity N400. They also noted that the N400 in monolinguals was right lateralized, while in bilinguals, it was left lateralized. Different conclusions were reached by Weber-Fox and Neville [52] who compared ERPs of English monolinguals and Chinese-English bilinguals as they judged the bgoodnessQ of English sentences, some of which contained either semantic or syntactic violations. The various groups did not differ in N400 amplitude according to their age of exposure to English, although monolinguals had reliably earlier congruity N400s than bilinguals whose initial L2 exposure (English) was between 11 and 13 years (431 ms) or after age 16 (431 ms); all other bilinguals with earlier exposure to L2 (1-3, 4-6 and 7-10 years of age) had N400 peak latencies comparable to those of the English monolinguals (407 ms). The authors concluded that late exposure to L2 (N10 years) significantly slows the speed of semantic analysis, although regression analyses on N400 peak latencies showed significant linear relationships with both age of exposure (r=0.31, p=0.015) and years of language experience (r=À0.25, p=0.05), with no reliable difference between these two predictors (t=0.73, n.s.). Although language fluency was not measured, self-reported L2 proficiency suggests that earlier exposure was well correlated with higher proficiency in L2, rendering it impossible to determine the extent to which age of exposure and not fluency was the relevant variable determining N400 latency. The authors argued for age of acquisition by pointing out that although the 16-year-old-and-older group had lower overall L2 proficiency levels than the 11-to 13-year-olds, both showed equivalent delays in N400 latency relative to monolingual groups; implicit in this argument is the notion of a critical age or threshold (perhaps around 10 years of age) after which fine differences in proficiency can no longer compensate for the costs of late L2 exposure. However, even in this case, self-rated proficiency in reading (the very skill tapped by the ERP experiment) did not distinguish these two late L2 exposure groups. Finally, in this study, bilinguals exposed to L2 after age 3, did not show the typical right N400 lateralization.
Hahne and Friederici [14] compared auditory sentence comprehension and grammaticality judgment in native Japanese speakers who learned German (L2) after the age of 18 with that of native German speakers. Both groups showed a centro-parietal N400 effect, although it lasted 400 ms longer in the bilinguals. Contextual integration was presumably prolonged due to less certain vocabulary knowledge and use by the bilinguals, although this hypothesis does not readily fit with the larger positivity (500-1100 ms) to semantically correct sentences in the bilinguals compared to monolinguals; the authors, however, attributed this difference in positivity to greater difficulty of syntactic integration for the bilinguals in L2.
A similar study by Hahne [13] compared 16 native Russians who learned German after the age of 10 to native German speakers. Semantic violations elicited an N400 in both groups and group differences were again observed for the correct but not semantically incorrect sentences, although not in the late positivity (500-1200 ms). Rather, the N400 to correct sentence endings was more pronounced, delayed by~100 ms, and extended to frontal electrode sites for the bilinguals. The congruity effect was thus smaller in the bilinguals and reached its peak earlier in the native German speakers (550 vs. 750 ms). Age of exposure and L2 proficiency were highly correlated with each other and L1 processing in the bilinguals was not assessed.
Proverbio et al. [43] focused on the brain topography of ERPs-in Italian-speaking monolinguals and SlovenianItalian bilinguals who had early exposure to and high proficiency in L2-collected as they read syntactically and/ or semantically incorrect sentences in Italian. Monolinguals showed the typical right lateralization in the N400 region (350-450 ms) while the bilinguals showed larger N400s over the left hemisphere.
In summary, the various investigations of N400 effects in bilinguals differ in the specific languages compared, the modality (visual vs. auditory) of presentation, the task requirements besides comprehension, and, arguably most importantly in the characteristics of the participant's bilingualism (age of exposure, L2 proficiency). Nevertheless, one of the more consistent findings is a relative delay in the latency of the N400 effect for the less fluent or later acquired language [3, 52] . The relative importance of age of exposure and/or language fluency on this bslowingQ of the brain's response to semantic anomalies (N400 latency) in a bilingual's second language (L2), however, remains uncertain. Ardal et al. examined bilinguals who varied in their age of exposure to L2 (early vs. late) but were highly fluent in both languages.
They concluded that fluency was the most important factor, especially when comparing across the two languages of a bilingual. Weber-Fox and Neville, on the other hand, examined bilinguals who varied in their exposure to L2 (from 1 to over 16 years) but also in their L2 proficiency, and argued for the criticality of age of exposure. In their sample, however, age of exposure and L2 proficiency were highly correlated; they did not assess L1 processing. We thus examined semantic processing in both languages of Spanish-English bilinguals who did not vary much in their age of exposure to L1, did vary significantly in their age of exposure to L2, and importantly also varied considerably in their vocabulary proficiencies in both L1 and L2 with the aim of decoupling the contributions of age of exposure and language proficiency insofar as possible.
Specifically, we measured the brain's responses to semantically congruent and semantically anomalous sentence final words in English and in Spanish from 47 Spanish-English bilinguals. We capitalized on the fact that many bilinguals in Southern California (20 in our sample) have a relatively early (often simultaneous) exposure to both Spanish and English, although generally become more proficient (dominant) in one of them (English), still continue to use the other (Spanish) on a daily basis. In this group in particular, we could assess the importance of language proficiency in L1 when it is uncorrelated with age of acquisition. If, as argued by Ardal et al., relative language proficiency is the primary determinant of language processing efficacy, then we would expect the N400 congruity effect to be delayed in their nondominant (Spanish) relative to their dominant (English) language. However, if early exposure alone or in combination with continued use is key to determining the speed of language processing, then this subgroup's early exposure to Spanish might effectively insulate their N400s from slowing even in the face of reduced vocabulary proficiency (which might be reflected in N400 amplitude modulations). Although no researchers have explicitly made this prediction, it is a reasonable inference from any position that argues for a critical period in language acquisition [31] . We also assessed semantic processing in a more typical group of 20 Spanish-English bilinguals in whom age of exposure and proficiency in L2 are highly correlated, namely, native, Spanish-dominant speakers with, on average, relatively later exposure and reduced proficiency in L2 (English). In this group, as well, we expected to find a longer latency N400 congruity effect in the nondominant versus the dominant language, as well as a significant correlation between age of acquisition and N400 latency in L2. In summary, then, we assessed semantic processing in the dominant and nondominant language in two subgroups of Spanish-English bilinguals (20 each)-one having late exposure and lower proficiency in English (as in WeberFox and Neville), and another having early exposure to both languages (English and Spanish), although more proficient in the vocabulary of one language (English) than the other (Spanish). We also assessed semantic processing in L1 and L2 of a subset of bilinguals (N=31) drawn from these two dominance groups. In so doing, we aimed to dissociate the relative contributions of age of exposure and vocabulary proficiency to the bslowingQ, if any, of the brain response (N400) to semantic violations in L1, and to replicate the effects of these two factors on the N400 elicited by semantic violations in L2.
Materials and methods

Materials
Ninety-six highly contextually constrained English sentences (cloze probability of final word above 70%) used previously with monolinguals [26, 33] were translated into Spanish by the first author (native speaker) and proofread by another Spanish speaker. Each sentence and its translation were duplicated to introduce a semantically incongruous final word in place of its semantically congruous ending. Incongruent endings were the same part of speech as the congruous ones but unrelated to the sentence context (see Table 1 for sample sentences). Sentence final words were equivalent in length and word frequency of usage across the two languages on average. English frequencies were extracted from Francis and Kucera's [10] database of over 1,014,000 entries, whereas Spanish frequencies were obtained from Alameda and Cuetos' [2] norms of over 2,000,000 entries (see Table 2 ). Sentences materials were divided in four experimental lists, such that no sentence context or target, English or Spanish, was repeated within a list. Each list contained a total of 96 sentences, half in English (48) and half in Spanish (48) . Within each language set, half were semantically congruous (24) and half semantically incongruous (24) . Sentence order was randomized within each language set on each list and then presented in counterbalanced language blocks. Participants were randomly assigned to one of the four lists.
Procedure
These sentence blocks were the final blocks of a larger study in which Spanish-English bilinguals were asked to read sentences for comprehension. The experiment was undertaken with written consent of each participant. After administration of Handedness [36] and Language History (Center for Research in Language, University of California, San Diego) questionnaires, participants read sentences in English and Spanish half of which ended in a language (code) switch on the sentence final word. A brief recognition test for these sentences followed. Participants were then asked to read for comprehension a series of sentences, none of which included any code switches, first in one language, then the other, and so on.
Sentences were presented in four blocks alternating between the two languages with the order of block presentation counterbalanced across participants. Each sentence was presented one word at a time in the middle of the screen followed at sentence end by dPress to continueT or dPresione para continuarT, depending on the language of the block. Words were presented at a rate of 2/ s for 200 ms each, with the exception of the final word (500 ms). Standard deviations are shown in parenthesis. Absolute English frequencies extracted from Francis and Kucera [10] . Absolute Spanish frequencies extracted from Alameda and Cuetos [2] . The frequency percentage was estimated over a total of 1,014,000 entries for the English norms and a total of 2,000,000 entries on the Spanish norms. Although overall incongruent endings were of lower frequency than congruent endings, the congruent/incongruent frequency ratio was comparable across languages.
Following the recording session, participants received a questionnaire about his/her impressions of the experimental session. For the second half of the experiment, they were specifically asked whether they found it harder and/or whether it took them more time to understand a sentence that did not make sense in one language than the other. Participants' vocabulary skills were then assessed by asking them to name the 60 line drawings of the Boston Naming Test (BNT) [17] first in one language and then in the other (order of language was counterbalanced across participants). BNT items are ordered by increasing difficulty from item 1 (bed) to item 60 (abacus). Kohnert et al. [21] found a positive correlation (although not a strict one-to-one mapping) between the degree of difficulty in English and in Spanish.
Participants were also administered the letter and category verbal fluency tests from the Multilingual Aphasia Examination battery in both languages in counterbalanced order across participants (MAE, MAE-S) [5, 44] . In these, the participant is asked to produce all of the words that s/he can think of beginning with the specified letter (F, A, S in English, and P, T, M in Spanish) or belonging to the specified category during a 60-s interval for each letter or category (animals, fruits and vegetables; see Ref. [12] ).
EEG recording procedure
Scalp electrical activity was recorded from 26 geodesically spaced tin electrodes embedded in an elastic cap referenced to the left mastoid. Electrodes placed on the outer canthus and infraorbital ridge of each eye were used to monitor blinks and horizontal eye movements. Electrode impedances were kept below 5 KV. Signals were amplified within a bandpass of 0.01 to 100 Hz and continuously digitized at 250 Hz.
Data were re-referenced off-line to the average of the left and right mastoids. Trials contaminated by eye movements, excessive muscle activity, or amplifier blocking were rejected automatically (using thresholds set via visual inspection). Less than 3% of trials were lost due to such artifacts. In addition, 9% of trials containing blinks were corrected via a spatial filter algorithm [8] . A bandpass filter of 0.1 to 20 Hz was also applied to all data. ERPs were then computed for epochs extending from 100 ms before stimulus onset to 920 ms after stimulus onset. Artifact-free averaged ERPs to sentence final words were obtained for each type of target ending (congruent ending in English or Spanish, and semantic violation in English or Spanish) after subtraction of 100 ms prestimulus baseline.
Participants
Forty-seven Spanish-English bilingual speakers (31 women and 16 men) with mean age 26.5 (range 19 to 38) were paid for their participation in the study. Participants were residents of San Diego (often UCSD students or their partners) or Tijuana (also students) and were recruited through advertisements. Forty-six were right-handed and one was ambidextrous, according to Edinburgh Inventory [36] . Nine participants reported family history of lefthandedness or ambidextrousness.
Most participants (41 out of 47) were exposed to Spanish at birth, the remainder between 1 and 6 years (N=4), or between 10 and 12 years (N=2) of age. Participants varied more widely in their age of exposure to English: 11 participants were exposed to English at birth, 21 between 1 and 6 years, 12 between 7 and 14 years, and 3 after age 14. Participants thus were grouped in several ways for analysis. The main analyses were based on each participant's difference in performance on the BNT in English and Spanish. Those with a difference of eight or less in the number of drawings correctly named in the two languages were considered as balanced in vocabulary performance (6 women and 1 man) and were not included in the analysis based on language dominance; of the remaining 40 participants, 20 were Spanish dominant (naming on average 21, range 12-33, more items in Spanish than in English) and 20 were English dominant (naming on average 22, range 11-42, more items in English than in Spanish). These two groups also differed substantially in their initial exposure to English, although all were bnearly nativeQ in Spanish. More specifically, on average, the Spanishdominant group had a later exposure to L2 (12 of 20 were 10 years or older when first exposed to English), whereas all but one (exposed at age 4) of them were exposed to Spanish at birth. The English-dominant group, by contrast, had a relatively early exposure to both languages (17 of 20 were exposed to Spanish at birth and all were 6 years or younger when first exposed to English). Participants also were grouped according to self-reported native language (L1 vs. L2). The Language History Questionnaire also asked participants to estimate how often they used each of their languages with their (grand)parents, siblings, spouse/ intimates, children, friends, other relatives, and pets. The Spanish dominants reported using Spanish on average 81% of the time, English 16% of the time, with a subset using a third or fourth language (Catalan, Galician, German) to speak to friends or family. On average, the English dominants used English 55% of the time and Spanish 44% of the time, with a few also using a third language (French, Italian).
Results
Self-report on the difficulty/speed of reading incongruent sentences in both languages
Self-report on the ease of processing each language revealed that participants generally found it harder to process semantic anomalies in their nondominant language, albeit for different reasons. With regard to their perceived speed of processing in the two languages, Spanish dominants thought that it took them more time to realize that a sentence was nonsensical when it was in their nondominant language, while English dominants were almost equally divided between thinking that they were slower in their nondominant language (8 of 19) and thinking that it took them equal amounts of time in their two languages (11 of 19).
3.2. Brain responses to semantic (in)congruity in dominant and nondominant language Fig. 1 shows grand average ERPs to the sentence final word of sentences that were either semantically congruent or incongruent for both the dominant and nondominant languages of the bilingual participants (N=40). Relative to congruent endings, semantically incongruous endings elicited an enhanced centro-parietal negativity between 200 and 600 ms (N400) in both the bilinguals' languages. However, the latency of the N400 peak was significantly delayed for the nondominant relative to the dominant language. Moreover, the response to congruent endings appeared to be less positive in the nondominant language, especially over frontal sites. Semantic violations in the dominant language also elicited a larger late positive component (LPC) following the N400 than those in the nondominant language.
N400 amplitude analyses
Mean amplitude was measured in the 300-500 ms time window 1 relative to 100 ms prestimulus baseline and subjected to an omnibus analysis of variance (ANOVA) with one between-group factor: language group (English dominant vs. Spanish dominant) and five within-subject factors: language dominance (dominant vs. nondominant), sentence congruence (congruent vs. anomalous), hemisphere (left, right), laterality (lateral, medial) and anteriority (prefrontal, frontal, central and occipital). All p values in this and all subsequent analysis are reported after HuynhFelt epsilon correction for repeated measures with more than 1 degree of freedom.
There was no main effect of group nor any significant interaction of group with any of the other factors; overall, the N400 was equivalent in amplitude for the English-and Spanish-dominant groups for both their dominant and nondominant languages.
The analysis yielded a main effect of language dominance [ F(1,38)=4.59; pHF=0.03] reflecting about half a microvolt more positivity for the dominant (2.60 AV) relative to the nondominant language (2.13 AV) in the N400 time window. This factor interacted marginally ( pHF=0.09) with anteriority, indicating a tendency for this amplitude difference to decrease gradually from the prefrontal toward the occipital sites (Prefrontal, 3.09 vs. 2.33 AV; Frontal, 2.10 vs. 1.53 AV; Central, 2.25 vs. 1.84 AV; Occipital, 2.94 vs. 2.83 AV, for Dominant and NonDominant Language, respectively).
As can be seen in Fig. 2 1 The N400 to semantic anomalies shifts its latency depending on the language of dominance and appears to last longer for the less-dominant language. However, the more-dominant language waveform also shows an LPC immediately following the N400. To avoid potential confounds with longer lasting or later effects, the narrower 300-500 window was selected to measure N400 amplitude across languages. anteriority [ F(3,114)=7.62; pHF=0.0079], reflecting its maximum at central sites (2.04 AV), followed by frontal (1.74 AV) and occipital sites (1.69 AV), being smallest at prefrontal sites (0.98 AV). This scalp distribution generally corresponds with that of the typical N400 semantic congruity effect.
We also measured the N400 effect in the difference ERP (incongruous ending minus congruous ending). Analyses of these showed no significant differences in amplitude or topography across the two participant groups or for the dominant versus nondominant language.
Timing of the N400 congruity effects
An ANOVA was performed on peak latency measures taken from the difference ERPs (congruity effect) lowpass filtered at 5 Hz to avoid spurious peak selection. The analysis included one between-subject factor (group) and two within-subject factors: language dominance (dominant vs. nondominant) and electrode (26 sites Fig. 4 ]. In the bbalanced bilingualsQ (N=7), the peak latency of the N400 congruity effect did not differ across languages [ F(1,6)=1.26; pHF=n.s.]. While not as robust as the peak latency measures, onset measures also revealed a marginal Fig. 3 . N400 effect (semantic violation minus congruent ending ERPs) for dominant (solid) and nondominant (dotted) languages at 26 scalp sites. Arrows point to the peak latency of the N400 effect at a particular channel, although the written values-390 ms for dominant and 417 ms for nondominant-are means across 26 channels. difference, with the N400 congruity effect beginning~10 ms earlier for the dominant versus nondominant language [ F(1,38)=3.48; pHF=0.069].
Regression analyses on the latency of the N400 effects
Visual N400 congruity effects typically have a posterior distribution sometimes with a slight right bias. In our case, the N400 effect was posterior with the largest latency difference between the dominant and nondominant languages at Left Lateral Occipital (LLOc; 368 vs. 424 ms). Thus, peak latency measures for each participant were taken from LLOc to determine the degree to which N400 effect latency was correlated with age of language exposure, proficiency as reflected in the three vocabulary measures (BNT, letter fluency, category fluency), and age since the Spanish-dominant group was on average older than the English-dominant group.
We first performed correlation analyses, as traditionally reported in the literature on bilingualism, for the subset of our participants (N=31) who were exposed to one language (L1) at birth (in this case Spanish) and to their second language (L2, in this case English) later in life (mean=8 years; S.D.=5.5 years). In agreement with the results of Weber-Fox and Neville, as can be seen in Table 3 and Fig. 5 , the latency of the N400 effect in L2 was highly correlated with the age of exposure to L2 2 (r=0.55, p=0.001).
However, it was also inversely correlated with various measures of vocabulary proficiency (BNT: r=À0.54, p=.001; category fluency: r=À0.39, p=0.01) and positively correlated with age (r=0.55, p=0.001).
A multiple sequential regression analysis performed on these latency measures in L2 at LLOc indicated that age of exposure and BNT proficiency each account for some of the variance in N400 latency response even when the contribution of the other factor has been taken into account: once BNT has been accounted for, age of exposure accounts for an additional 0.16 R 2 ( p=.008) in N400 latency and likewise BNT accounts for an additional 14% of the variance in N400 latency variance once age of exposure has been accounted for ( p=0.01). Both LLOc and multiposterior channel analyses show that the most predictive power for N400 peak latency in L2 (English) appears to be shared between the two predictors, which are themselves inversely correlated (r=À0.33, p=0.03), as in most investigations of bilinguals.
Analyses of the peak latency of the N400 congruity effect for the native language (L1), for which age of exposure to the language was fixed, also revealed significant inverse correlations with each of the vocabulary measures (BNT: r=À0.51, p=0.002; category fluency: r=À0.41, p=0.01; letter fluency: r=À0.53, p=0.001). There was also a counterintuitive inverse correlation with age, with older participants having shorter N400 latencies (r=À0.28, p=0.06); however, this is probably because most of the participants in this subset of 31 were Spanishdominant bilinguals who as stated previously were on average older (but more proficient in L1) than the Englishdominant bilinguals.
We also examined the correlation between age of exposure, vocabulary proficiency, and age on N400 peak Fig. 4 . The N400 effect at eight representative sites for both the English-dominant and Spanish-dominant bilingual subgroups. 2 These and all subsequent analyses were additionally performed on the averaged peak latency computed from three left parietal, temporal and occipital channels in order to examine the consistency of the correlations over a wider set of channels. Correlation values at the channel position for which differences in latency across languages was maximal (LLOc) will be explicitly reported in the text for brevity purposes. Please refer to Table 6 for the pattern of correlations across these three channels. latency (at LLOc) for the dominant and the nondominant language, whether they were English or Spanish. For the nondominant language, N400 latency was negatively correlated with category fluency; better category fluency score was associated with earlier peak latency (r=À0.34, p=0.01). For the dominant language, peak latency was marginally correlated with age, older adults showing longer latency N400 congruity effects (r=0.27, p=0.05).
It also showed a counterintuitive correlation with vocabulary proficiency, with longer N400 latencies associated with greater proficiency (BNT: r=0.29, p=0.03; letter fluency: r=0.33, p=0.02), which we believe is due to an age confound. Overall, BNT and letter fluency scores were correlated with age, being higher for the older participants (r=0.63, p=0.000; and r=0.56, p=0.000, respectively). And, since N400 latency was overall later for the older participants, slower N400s were associated with better BNT and letter fluency scores; this was primarily due to the Spanish dominants who were generally older and had higher BNT and letter fluency scores in their dominant language than did English dominants (refer to Table 4 ).
Correlation analyses were conducted for each dominance group for each language separately (see Table 5 and Fig. 6 ). For the dominant language, no significant correlations were obtained between N400 latency and any measure for either group. However, despite the reduced sample size (N=20), the pattern of correlations for the nondominant language did differ between the groups. For the English-dominant group, N400 latency in the nondominant language (Spanish) was significantly correlated with all the vocabulary measures (BNT: r=À0.45, p=0.02; letter fluency: r=À0.45, p=0.02; category fluency: r=À0.47, p=0.01) and not with age of exposure. In contrast, for the Spanish-dominant group, N400 latency for the nondominant language (English) was significantly correlated with age of exposure (r= À0.42, p=0.03) and not with any of the vocabulary measures.
Finally, analysis of the English dominants in their nondominant but sometimes native language (Spanish ;  Table 5 ) indicated that although they too show an association between age of exposure and vocabulary proficiency, with later age of exposure associated with worse proficiency (BNT: r=À0.34, p=0.07; letter fluency: r=À0.43, p=0.03; and category fluency: r=À0.34, p=0.07), in this case, N400 peak latency is significantly correlated only with vocabulary measures and not with age of exposure. 58 (2) 36 (7) 21 (6) 51 (6) 29 (8) 22 ( (8) 37 (8) 22 (9) 43 (10) 36 (9) 7 (11) Category Verbal Fluency Test 51 (8) 34 (8) 16 (7) 40 (7) 27 (9) 13 (9) Fig. 5. Correlation of N400 effect latency with BNT score in L2 (top) and age of exposure to L2 (middle), and correlation between BNT score and age of exposure to L2 (bottom).
Late differences in the processing of dominant and nondominant languages
Following the N400 was a late positive component (LPC). Its amplitude was measured between 600 and 900 ms to avoid overlap with the slightly longer lasting N400 for the nondominant language. There were no significant group differences in LPC amplitude, but there was a main effect of language dominance [ F(1,38)=27.4, pHF=0.00], with greater positivity for the dominant (3.95 AV) than nondominant language (2.88 AV). Likewise, there was a reliable effect of congruity on the LPC [ F (1,38)=10.72, pHF=0.002], with greater positivity to incongruent (3.80 AV) than congruent endings (3.03 AV). Unlike the N400, however, language dominance and congruity interacted [ F(1,38)=8.78, pHF=0.005], which pairwise comparisons indicated was due to a significant congruity effect across the scalp only in the dominant language [congruent: 3.26 AV vs. incongruent: 4.65 AV; F(1,39)=42.39; pHF=0.00] and not in the nondominant language (2.80 vs. 2.95 AV), which showed a more focal congruity effect [congruity by electrode, F(25,975)=3.83; pHF=0.0053]; larger at midline central and parietal electrode sites.
Language dominance effect
Language dominance appeared to have an effect throughout the recording epoch (Fig. 7) ; this was assessed statistically via an ANOVA including three within-subject factors: six 100 ms time windows from 300 to 900 ms, two levels of language dominance, 26 scalp channels, and one between-subjects factor: 40 subjects. A main effect of time window [ F(5,195)=14.13; pHF=0.0000] indicated that the ERP was most positive between 500 and 600 ms. Words in the dominant language generally elicited a larger positivity (3.65 AV) than those in the less-dominant language (2.76 AV) [ F(1,39)=19.66; pHF=0.0001] at all recording sites with the exception of the 300-400 ms interval in which language dominance interacted with electrode site [language dominance by time window, F(5,195)=6.76; pHF=0.00]; planned comparisons are shown in Table 6 . Further analysis with a restricted set of electrode sites revealed a marginal interaction of language dominance with hemisphere and anteriority [ F(1,39)=4.02; pHF=0.05, and F(3,117)=3.12, pHF=0.08, respectively], indicating a tendency for the language dominance effect between 300 and 400 ms to be larger over left prefrontal sites (see topographic map in Fig. 8 ).
Summary
In summary, whether reading sentences word by word in their dominant or nondominant language, be it L1 or L2, all participants responded to semantic anomalies with a larger N400 (300-500 ms) relative to semantically congruent endings. Consistent with previous reports, the Table 5 Significant Pearson (one-tailed) correlations of N400 peak latency in dominant and nondominant languages for each group with various vocabulary proficiency measures, age of exposure to the language, and chronological age Results are shown separately for each language. Analysis at LLOc as well as for the combined average of three posterior (parietal, temporal and occipital) channels (Avg. chans). In parentheses in the two most inferior rows indicate what factor had been accounted for before R 2 change is estimated for the relevant factor in that column. N400 congruity effect in bilinguals was delayed (~10 ms in onset and~27 ms at their peak) for the nondominant relative to the dominant language. This delay was evident regardless of which language was dominant and despite the bilinguals' differing language histories. Correlation analyses within the participants who were exposed to Spanish at birth and to English later in life (N=31), revealed that (1) age of exposure and vocabulary proficiency (as measured by BNT and category fluency) were correlated with each other, (2) both reliably correlated with the latency of the N400 congruity effect latency for L2 (English) to about the same degree, and (3) each factor accounted for a small, albeit significant, amount of the variance in N400 latency after the contribution of the other factor had been partialled out. Moreover, the latency of N400 congruity effect in L1 was significantly correlated with all vocabulary proficiency measures (BNT, letter and category fluency) when age of exposure to L1 (Spanish) was held constant. Finally, collapsed across congruity, ERPs were more positive to endings in the dominant than nondominant language.
Discussion
The relative importance of age of exposure and language (specifically vocabulary) proficiency on the speed of semantic analysis in both languages of Spanish-English bilinguals was explored via electrophysiological recordings taken during word-by-word sentence reading. Specifically, ERPs were recorded to sentence final words in bilinguals reading sets of isolated sentences for meaning-separate blocks in English and in Spanish; in each block, a random half of the sentences ended sensibly whereas the other half ended with a semantically anomalous word. Not surprisingly, the onset and peak latencies of the N400 effect (ERPs to anomalous minus congruent endings)-an effect linked to semantic analysis-were delayed for the language in which bilinguals were less proficient (based on Boston Naming Test scores) [3, 28, 52] . At issue, however, is the extent to which this relative delay reflects differences in age of exposure to each language, current proficiency with it, or some combination thereof. In prior electrophysiological studies with bilinguals, these two factors often were so highly correlated that it was neigh impossible to tease apart their individual contributions. This is also the case in the current study in those bilinguals for whom Spanish is the native and dominant language and English is the later learned, nondominant one. However, for a subset of our bilingual participants-for whom English is currently the dominant language-it is possible to, at least partially, decouple these two factors as they had been exposed to both Spanish and English relatively early (Spanish often earlier) and continue to use both daily, but nonetheless were more proficient in English than Spanish at the time of testing.
To the extent that early, informal acquisition of a first language buffers the lexical and semantic processes of that language system from degradation and/or from the processing costs of between language competition [31] , we would have expected to observe no significant differences between the N400 effects in the two languages of this subgroup of bilinguals dominant in English. However, this was not the case. Like the Spanish-dominant subgroup, the Englishdominant subgroup exhibited significantly delayed N400 effects in their less (vs. more) proficient language. That is, they had longer latency N400 effects to semantic incongruities in their nondominant language (Spanish) relative to their dominant language (English). Age of acquisition alone thus cannot be the sole determinant of how quickly a word is recognized and integrated into a sentence context at a semantic level. Proficiency with the vocabulary of a language clearly also plays a critical role, for even when age of exposure is comparatively early for both languages, in some cases even earlier for the nondominant language, the N400 effect still is delayed in the nondominant compared to the dominant language. These essentially bnativeQ Spanishspeaking bilinguals were less proficient in Spanish than English and in turn slower to appreciate that a Spanish word did not fit in a sentence context, although they had no obvious trouble understanding these sentences. Although Spanish was their nondominant language, it was one that they continued to use on a daily basis with family and/or friends, although perhaps not as intensively as English. As mentioned in the Introduction, vocabulary knowledge seems to be especially vulnerable to loss with decreased use and our results indicate that the timing of the N400 congruity effect is sensitive to this change. In summary, both age of acquisition and vocabulary proficiency make contributions to the speed with which words are integrated into a semantic context during sentence reading.
In our study, the extent to which language proficiency (as indexed by vocabulary and fluency scores) and age of exposure were predictive of the speed of semantic processing (as indexed by N400) differed as a function of the bilingual's group language history and the language under Table 6 Planned comparisons for the language of dominance effect across six 100 ms time windows from 300 to 900 ms Time (ms) 300-400 400-500 500-600 600-700 700-800 800-900
Language of dominance in AV question. For instance, in the nondominant language, N400 latency was predicted by vocabulary proficiency in the English-dominant subgroup and by age of exposure in the Spanish-dominant subgroup (see Fig. 6 ). In line with previous results, both age of exposure (r=0.55) and vocabulary scores (r=0.54) correlated reliably with the speed of semantic processing in L2 (English), as well as inversely with each other (r=À0.33). By contrast, speed of semantic integration in L1 was well correlated with vocabulary proficiency (r=0.41-0.53), although it was not highly correlated with age of exposure (all early), suggesting that the two factors can make independent contributions. And, in fact, both these factors explained a small, but significant amount of the variance in the latency of the N400 congruity effect, when the other factor was partialled out, even in L2. In contrast to the N400 latency differences, we found no reliable differences in the sizes of the N400 congruity effects across languages. Apparently, these bilinguals devoted approximately equivalent processing resources to the task of appreciating the relation between each sentence final word and the semantic representation of the sentence context up to that point. We did, however, find that the ERPs to sentence final words (collapsed across congruity) in the dominant language were more positive from 300 to 900 ms. Between 300 and 400 ms, this language dominance effect (greater negativity or less positivity to the nondominant language) had a left frontal focus. This topographical difference in the ERPs elicited by final words in the two languages of a bilingual superficially resembles a left anterior negativity (LAN) effect. LAN effects have been associated to syntactic processes, such as phrase structure violations within sentences [11, 34, 35] , or more generally with working memory processes [18, 20, 45] . If this effect is a LAN, then it might reflect greater working memory demands when bilinguals process their nondominant language versus their dominant language.
Alternatively, this effect also resembles ERP word concreteness effects: greater negativity frontally for concrete than abstract words between 300 and 500 ms [23, 39, 54] . Imageability/concreteness ERP effects have been reported to have a frontal focus [47] . This superficial similarity leads to the intriguing, though admittedly highly speculative, hypothesis that bilinguals may adopt a relatively more bconcrete/literalQ than babstract/metaphoricalQ mode of processing when encountering written or aural materials in their weaker language.
Although not yet directly tested, what little is known about concreteness effects in bilinguals is consistent with this hypothesis. In general, bilingual speakers/readers, like monolinguals, show concreteness effects (more accurate or faster performance with concrete than abstract words) across a range of tasks, including word association, priming, free recall, lexical decision and bilingual translation, among others [38, 48, 49] . Moreover, cross language priming is reportedly greater for concrete than abstract word pairs [15] . In addition, the overlap in associates given in response to single words in both L1 and L2 is greater when the eliciting word refers to a manipulable, concrete object than when it refers to an abstract state or emotion [22, 48] . Finally, the ubiquitous concreteness effect for recall is more pronounced for the weaker language of unbalanced bilinguals [32] . If, indeed, abstract word meanings are generally less consistent and more context dependent, and therefore more language-specific than concrete words, then perhaps bilinguals may be slightly biased toward a more bconcreteQ interpretation of linguistic input in their weaker language whether the words per se would be rated as concrete or abstract. In other words, perhaps information retrieved from semantic memory to make sense of linguistic input tends to include relatively more concrete, imageable features during reading of the nondominant (than dominant) language.
We also examined the scalp distributions of the N400 congruity effects to see if there are any reliable differences in the functional brain organization for language in the bilingual relative to the monolingual brain and for L1 versus L2 in the bilingual brain. The typical visual N400 congruity effect in young adults has a posterior focus and a slight right greater than left asymmetry, although this is not always the case even on average, much less on an individual by individual basis [29, 50] . Although there is a tendency for bilinguals to show a different hemispheric pattern than monolinguals, data on this are mixed with some researchers finding no hemispheric differences in N400 amplitudes (Weber-Fox and Neville [52] at least for bilinguals exposed to the language after the age of 3) and others finding a slight left-lateralized N400 asymmetry [3, 4, 43] . This inconsis- Fig. 8 . Scalp distribution of N400 semantic congruity and language of dominance effects between 300 and 400 ms. The scalp distribution of the negativity shows a centro-parietal focus for the N400 semantic congruity effect (top) and a left anterior focus for the language of dominance effect (bottom).
tency is characteristic of the literature on language laterality in bilinguals in general [40, 41] .
In our study, we observed no significant asymmetry in the N400 effect in either language irrespective of whether the language was the dominant or nondominant one. Whether this reflects greater right hemisphere participation in the processing of both languages in these bilinguals is not something we can infer from these scalp-recorded potentials alone without further constraints due to the inverse problem (e.g., Ref. [51] ). The absence of a laterality difference between the two languages in either group of bilinguals, however, is inconsistent with the modified stage hypothesis [30] , which states that bilinguals initially rely more on the right hemisphere but with increasing second language proficiency engage primarily the left hemisphere.
Finally, our study reveals differences in the sentence congruity effect in the post-N400 region between 600 and 900 ms, being broadly distributed for the dominant language and more localized over centro-posterior sites for the nondominant language. Late positivities in this time window are often linked to memory updating, encoding, and/or retrieval, given their appearance in tasks making demands on stimulus evaluation and memory updating resources [7, 9, 29] .
In conclusion, the timing of the electrophysiological response to the effect of semantic incongruity indicates faster appreciation/processing by a bilingual in their dominant language-i.e., that in which they display greater vocabulary proficiency. This is the case, even for those English-Spanish bilinguals who not only use both languages on a daily basis but also acquired both of them early in life. Our results suggest some presumably independent contributions of both age of exposure and language proficiency to the speed of semantic analysis/ integration. Whether exactly the same neural sources generate these congruity effects as those observed in monolinguals remains an open question. We also observed a post-N400 congruity effect that is more widespread for the dominant versus nondominant language, which we hypothesize, may be related to nonidentical memoryrelated processes for the two languages of nonbalanced bilinguals. Finally, we observed a slight tendency for a frontal negativity to be larger during nondominant language than dominant language processing; we speculate that bilinguals might adopt a relatively more concrete mode of processing for their nondominant as opposed to dominant language.
